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Coronavirus envelope (E) proteins play an important, not fully understood role(s) in the virus life cycle. All E 
proteins have conserved cysteine residues located on the carboxy side of the long hydrophobic domain, suggesting 
functional significance. In this study, we confirmed that mouse hepatitis coronavirus A59 E protein is palmitoylated. 
To understand the role of the conserved residues and the necessity of palmitoylation, three cysteines at positions 40, 
44, and 47 were changed singly and in various combinations to alanine. Double- and triple-mutant E proteins 
resulted in decreased virus-like particle output when coexpressed with the membrane (M) protein. Mutant E 
proteins were also studied in the context of a full-length infectious clone. Single-substitution viruses exhibited 
growth characteristics virtually identical to those of the wild-type virus, while the double-substitution mutations 
gave rise to viruses with less robust growth phenotypes indicated by smaller plaques and decreased virus yields. In 
contrast, replacement of all three cysteines resulted in crippled virus with significantly reduced yields. Triple- 
mutant viruses did not exhibit impairment in entry. Mutant E proteins localized properly in infected cells. A 
comparison of intracellular and extracellular virus yields suggested that release is only slightly impaired. E protein 
lacking all three cysteines exhibited an increased rate of degradation compared to that of the wild-type protein, 
suggesting that palmitoylation is important for the stability of the protein. Altogether, the results indicate that the 


conserved cysteines and presumably palmitoylation are functionally important for virus production. 


Coronaviruses are medically important viruses that cause 
primarily respiratory and enteric infections in humans and a 
broad range of animals. The emergence of severe acute respi- 
ratory syndrome coronavirus (SARS-CoV) and the recent 
identification of new human coronaviruses (HCoVs), HCoV- 
NL63 and HCoV-HKU1 (10, 21), have significantly increased 
the importance of understanding key interactions during virus 
assembly, since these interactions may provide insight into 
potential targets for antiviral and vaccine development. 

Coronaviruses are enveloped, positive-stranded RNA vi- 
ruses that belong to the Coronaviridae family in the Nidovirales 
order. The virion envelope contains at least three proteins: 
membrane (M), spike (S), and envelope (E). The genomic 
RNA is encapsidated by the phosphorylated nucleocapsid. 
Coronaviruses assemble at and bud into membranes of the 
endoplasmic reticulum Golgi intermediate compartment 
(ERGIC) (22, 46). 

The focus of this paper is the E protein. Coronavirus E 
proteins are small (76 to 109 amino acids) integral membrane 
proteins bearing long hydrophobic domains. The protein plays 
an important, but not fully understood role(s) in virus produc- 
tion (7, 11, 24, 38). Virus-like particles (VLPs) are formed only 
when the E and M proteins are expressed (3, 5, 50). When E 
protein is expressed by itself, E protein-containing vesicles are 
released from cells (5, 30). Virus production is blocked when 
the E gene is removed from porcine transmissible gastroenter- 
itis coronavirus (TGEV); however, deletion of the gene from 
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mouse hepatitis coronavirus (MHV) does yield severely crip- 
pled virus (7, 24, 38). The E protein is not absolutely required 
for SARS-CoV production, but deletion of the gene results in 
virus yields that are 20- to 200-fold lower than those of the 
wild-type (WT) virus, depending on the cell type that is in- 
fected (8). Recently, it was demonstrated that E proteins of 
several coronaviruses, including MHV, are viroporins that ex- 
hibit ion channel activity (26, 29, 52, 53). 

Coronavirus E proteins share little homology at the se- 
quence level; however, two to three highly conserved cysteine 
residues are located adjacent to the carboxy side of the hydro- 
phobic, membrane-associated domain of all E proteins (Fig. 1). 
The MHV A59 E protein specifically consists of 83 amino 
acids. The protein actually contains four cysteine residues. One 
residue is located in the hydrophobic domain at position 23, 
whereas three of these residues are present at positions 40, 44, 
and 47 adjacent to the hydrophobic domain. We investigated 
the functional significance of the conserved residues using re- 
verse genetics. We hypothesized that conservation of the res- 
idues must be important for virus production either as targets 
for palmitoylation and/or to facilitate protein-protein interac- 
tions through disulfide bonding. Earlier studies that focused on 
MHV E palmitoylation produced conflicting results, with one 
suggesting from thioester cleavage experiments that the pro- 
tein was modified, whereas another study suggested that the 
protein is not modified (40, 57). Studies with infectious bron- 
chitis virus (IBV) and SARS-CoV show that the E proteins 
from virus-infected cells are palmitoylated (6, 27). Importantly, 
none of the earlier studies addressed the functional signifi- 
cance of the cysteine residues in the context of the virus. We 
have now analyzed the effect of the replacement of cysteines on 
VLP assembly and, more importantly, virus growth, release 
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MHV ——-MFNLELTDTVWYVGQIIFIFAVCLMVTIIVVAFLASIKLCIQLCGLCNTLVLSPSIYLYDRSKQLYKYYNEEMRLPLLEVDDI 
BCV —MFMADAYFADTVWYVGGIIFIVAICLLVIIVVVAFLATFKLCIQLCGMCNTLGLSPSIYVENRGRGE YEE YNDVKPPVLDVDDV 
0Cc43 -MEMADAYLADTVWYVGQIIFIVAI CLLVTIVVVAFLATFKLCIQLCGMCNTLVL, SPSTYVENRGROF YEFYNDVKPPVLDVDDV 
SARS ---MYSFVSEETGTLIVNSVLLELAFVVE' LLVTLAILTALRLCAYCCNIVNVSLVKPTVYVY SRVENLNSSEGVPDLLV 
TGEV MTFPRALTVIDDNGMVINIIFWELLIIILILLSIALLNI IKLCMVCCNLGRTIVI IVPAQHAYDAYKNE'MRIKAYNPDGALLA 
FIPV MTFPRAFTIIDDHGMVVSVFFWLLLIIILILFS IALLNVIKLCMVCCNLGKTI IVLPARHAYDAYKTFMQOTKAYNPDEAFLV 
229E —-—---MELKLYDDHALVVNVLLWCVVLIVILLVCITIIKLIKLCFTCHMFCNRIVYGPIKNVYHIYQSYMHIDPFPKRVIDF 
IBV —-MNLLNKSLEENGSFLTALYI IVGFLALYLLGRALQAFVQAADACCLFWY TWVV LPGAKGTAFVYKYTYGRK INNPE LEAV... 
B . Amino Acid Sequence Nucleotide Sequence 
Conserved Cysteine Residues KLCIQLCGLCNTLVLSPS TGTATTCAACTTTGCGGTTTATGT 
40 44 47 40 44 47 

C40A A GCA 

C44A A GCA 

CATA A GCA 

C40,44A A A GCA GCA 

C40,47A A A GCA GCA 

C44,47A AA GCA GCA 

c40,44,47A A AA GCA GCA GCA 


FIG. 1. Coronavirus envelope protein alignments and alanine substitution mutants. (A) Kyte-Doolittle hydropathy plot of MHV A59 E protein. 
Hydrophobic and hydrophilic domains are plotted above and below the line, respectively. An alignment of representative E proteins from group 
Il MHV, BCV, HCoV OC43, and SARS-CoV (SARS); group I TGEV, feline infectious peritonitis virus (FIPV), and HCoV 229E; and group II 
IBV is shown. Conserved cysteine residues are underlined. Amino acid numbers refer to those in MHV E. (B) Amino acid substitutions at positions 
40, 44, and 47 were used to create seven mutant MHV E viruses. Nucleotide changes corresponding to respective codon changes are shown. 
Underlining indicates conserved cysteines and corresponding wild-type codons. 


and entry, protein transport, and stability. The data strongly 
indicate that palmitoylation is important since mutant viruses 
lacking all three potential target sites are significantly crippled 
in virus production, but not in entry. E protein stability, but not 
transport, is affected by this lack, which likely contributes to 
diminished virus yields. 


MATERIALS AND METHODS 


Cells and viruses. Mouse L2 cells and 17Cl1 cells were maintained in Dul- 
becco’s modified Eagle’s medium (DMEM) containing 5% heat-inactivated fetal 
calf serum supplemented with glutamine and the antibiotics penicillin and strep- 
tomycin. Baby hamster kidney (BHK) cells expressing the MHV Bgp1a receptor 
(BHK-MHVR cells) were kindly provided by Ralph Baric, University of North 
Carolina at Chapel Hill (56). BHK-21 cells and BHK-MHVR cells were grown 
in Glasgow minimal essential medium containing 5% fetal calf serum supple- 
mented with 10% tryptose phosphate broth, as described above. BHK-MHVR 
cells were maintained under selection with Geneticin (G418) for selection of cells 
expressing the receptor. Stocks of WT MHV AS59 and infectious cloned viruses 
were grown in mouse 17Cl1 and L2 cells. Virus titers were determined for L2 
cells. 

Construction of alanine substitution mutants. pScript-E, a pPCR-Script Amp 
SK(+) vector (Stratagene) containing the MHV A59 E gene, was used for 
mutagenesis. Site-directed alanine substitutions were made using primers con- 
taining the codon changes shown in Fig. 1B. Mutants were constructed by 
whole-plasmid PCR as described previously (55). The PCR products were incu- 
bated at 37°C for 2 h with DpnI to destroy methylated template DNA before 
transformation into Escherichia coli DH5a. Mutations were confirmed by se- 
quencing the entire insert from pScript-E before subcloning into the MHV G 
clone at the SbfI and EcoRV restriction sites. 

Generation of alanine substitution mutant viruses. Viruses containing alanine 
substitutions in the MHV E protein were generated by using an MHV A59 
full-length infectious clone (56). Full-length cDNA clones were assembled, tran- 


scribed, and electroporated into BHK-MHVR cells as described previously (51). 
At 40 to 72 h after electroporation, the medium was harvested and an aliquot was 
used to infect 17Cl1 cells. Total RNA was extracted from cells remaining on the 
flasks by using an RNAqueous-4PCR extraction kit (Ambion). The extracted 
RNA was treated with DNase prior to being used as the template for reverse 
transcription (RT) with an oligo(dT) primer. The RT product was subjected to 
30 cycles of PCR amplification using Ambion’s SuperTaq Plus with forward 
primer (5'-CAGAACTGTCCAACAGGCCGTTAGCAAG-3') and_ reverse 
primer (5'-GCAACCCAGAAGACACCTTCAATGC-3’) to obtain E and M 
cDNA gene products. PCR products were cleaned up using Qiagen MiniElute 
columns and sequenced directly for E and M genes using the reverse primers 
(5'-CGGTACCTTTCATATCTATAC-3’ and 5’-AGTCTGCTTTGGCTGATT 
CCTTC-3’), respectively. Viruses were plaque purified from the electroporated 
medium on L2 cells and passaged five times in 17CI1 cells. RNA was extracted 
from infected cells at passages 1 and 5 for RT-PCR. The E and M gene cDNA 
products were sequenced each time to determine the stability of the mutations 
and to identify any potential compensating changes. 

Growth analysis of viruses. Growth kinetic experiments were carried out with 
17Cl1 cells infected with passage 5 virus stocks at a multiplicity of infection 
(MOI) of 0.1 or 0.01 PFU/cell. Cell culture supernatants were collected at 
various times after infection. Titers were determined by a plaque assay on mouse 
L2 cells. For all plaque assay experiments, agarose/medium overlays were re- 
moved at 72 to 96 h postinfection (p.i.) and the cells were fixed and stained with 
crystal violet in ethanol. 

Determination of MHV E disulfide linkage. Mouse 17Cl1 cells were either 
mock treated or infected with WT MHV-AS59 at an MOI of 0.001 PFU/cell. Cells 
were harvested at 24 h p.i. in lysis buffer containing 100 mM Tris, 100 mM NaCl, 
0.5% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride. A fraction of the 
lysate was incubated in Laemmli sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) sample loading buffer either with or without 
2-mercaptoethanol to generate reducing and nonreducing conditions, respec- 
tively. Samples were run on a 15% SDS-PAGE gel, and Western blot analysis 
was performed probing for MHV E using the rabbit anti-E antibody 9410 (L. A. 
Lopez and B. G. Hogue, submitted for publication). After incubation with 
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appropriate secondary antibodies, the blot was visualized by chemiluminescence 
(Pierce). 

Metabolic labeling for determining palmitoylation of MHV E. Mouse 17Cl1 
cells in 60-mm-diameter plates were either mock treated or infected with WT 
MHV-AS9 virus at an MOI of 2 PFU/cell. At 6 h p.i., a set of mock and infected 
cells was labeled with 150 pCi/ml [9,10(7)-*H]palmitic acid (Perkin-Elmer) in 
DMEM supplemented with 5 mM sodium pyruvate for 6 h. Another set of mock 
and infected cells was labeled with 100 .Ci/ml of EXPRE*S*°S protein labeling 
mix (Perkin-Elmer) for 6 h in DMEM. At 12 h p.i., cytoplasmic lysates were 
harvested using radioimmunoprecipitation assay lysis buffer (1% TritonX-100, 
1% deoxycholate, 0.3% SDS, 150 mM NaCl, 50 mM Tris-HCl, pH 7.6, 20 mM 
EDTA) containing 1 mM phenylmethylsulfonyl fluoride. Lysates were precleared 
by incubation with protein A-Sepharose at 4°C for 1 h with rocking. MHV E and 
S proteins from both 3H- and *°S-labeled lysates were immunoprecipitated by 
incubation with antibodies against either MHV E 9410 or MHV S J7.5 (14) 
overnight at 4°C. Immunoprecipitated protein complexes were isolated by incu- 
bation with protein A-Sepharose for 2 h at 4°C with constant rocking. Immuno- 
precipitates were washed six times with radioimmunoprecipitation assay buffer 
prior to elution in SDS-PAGE sample buffer by heating them at 95°C for 5 min, 
and we analyzed them by SDS-PAGE on a 5 to 20% gradient gel. Prior to being 
dried, the gels were incubated for 30 min at room temperature with Amplify 
fluorographic reagent (GE Healthcare Life Sciences). Proteins were detected by 
fluorography. 

Subcloning of mutant genes into pCAGGS for VLP analysis. Mutant E genes 
were subcloned from the MHV G fragment used to make the infectious clone 
and shuttled into the expression vector pCAGGS under the control of the 
chicken B-actin promoter (33). PCR was used with the forward primer (5’-GG 
GCCACGGAATTCGAAAGAAATG-3’) and the reverse primer (5'-CGATC 
GATTTAGGTTCTCAACAATGCGGTGTCCG-3’) to introduce an EcoRI 
and Clal restriction site on either side of the E gene to allow cloning into 
pCAGGS. All genes were cloned into pCAGGS in the correct orientation and 
sequenced to confirm that gene sequence integrity was maintained following 
subcloning. 

BHK-21 cells were transfected with pCAGGS DNA by using the TransIT-LT1 
reagent (Mirus) as recommended by the manufacturer. Plasmids containing 
either WT or mutated E genes singly and in combination with the WT M gene 
were used at 5 yg of total DNA per transfection. At 24 h posttransfection, cells 
were lysed on ice in a buffer containing 100 mM Tris, 100 mM NaCl, 0.5% Triton 
X-100, and 1 mM phenylmethylsulfonyl fluoride. The medium was clarified at 
14,000 x g for 10 min at 4°C. VLPs were collected by pelleting the clarified 
medium through a 30% sucrose cushion by ultracentrifugation for 3 h at 4°C in 
a Beckman SWS55Ti rotor at 30,000 rpm. Pellets were resuspended directly in 
Laemmli SDS-PAGE sample loading buffer. Intracellular and extracellular sam- 
ples were analyzed by SDS-PAGE. Proteins were transferred to polyvinylidene 
difluoride membranes, analyzed with mouse anti- MHV M A03 (kindly provided 
by Kathryn Holmes, University of Colorado Health Sciences) and the rabbit 
anti-MHV E antibody 9410, and visualized by chemiluminescence, as described 
above. 

Indirect immunofluorescence analysis. Mouse 17Cl1 cells were infected with 
mutant viruses and analyzed in parallel with WT MHV to determine the local- 
ization of the E and M proteins. Cells were seeded on Lab-Tek chamber slides 
(Nunc) 1| day prior to infection at an MOI of 0.1 PFU/ml. At 6 h p.i., cells were 
washed with phosphate-buffered saline (PBS) and fixed with 100% methanol for 
15 min at 20°C. Fixed cells were washed with PBS and then blocked with 0.2% 
gelatin in PBS overnight. Slides were incubated with a mixture of anti-MHV E 
9410 polyclonal and anti-MHV M J1.3/2.7 monoclonal (12) primary antibodies 
for 2 h at room temperature. Cells were washed multiple times with 0.2% gelatin 
in PBS before incubation with donkey Alexa Fluor 488- and 594-labeled second- 
ary antibodies. Cells were washed extensively with PBS containing 0.2% gelatin 
and then once with PBS alone. Slides were mounted in ProLong Gold antifade 
reagent (Invitrogen). Laser scanning confocal microscopy was performed using 
the Zeiss LSM 510 META microscope (magnification, X63) and software (Carl 
Zeiss, Inc., Thornwood, NY). 

Analysis of virus release. Mouse 17Cl1 cells were infected with WT and 
mutant viruses at an MOI of 0.01 PFU/cell. At 10, 20, or 30h p.i., the supernatant 
and cells were harvested separately. The supernatant containing extracellular 
virus was clarified by centrifugation to remove cell debris. Medium was added to 
the cell monolayer followed by three freeze-thaw cycles. Virus titers for both 
fractions were determined by a plaque assay with mouse L2 cells. The calculation 
of percentage of virus release was determined by dividing the amount of extra- 
cellular virus by the total (intracellular plus extracellular) amount of virus. 

Evaluation of virus entry. Mouse 17CI1 cells were seeded on slides 1 day prior 
to infection. Cells were infected with WT and triple-mutant viruses at an MOI of 
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0.001 PFU/cell. At either 6 or 12 h p.i., cells were fixed in 100% methanol for 15 
min at —20°C. Fixed cells were then blocked overnight in PBS containing 0.2% 
gelatin, and indirect immunofluorescence was carried out as described above. 
The primary antibody used was a rabbit polyclonal anti- MHV N (4). Donkey 
anti-rabbit Alexa Fluor 488 was used as the secondary antibody. Fluorescing cells 
were viewed with laser scanning confocal microscopy, as described above, using 
either a 20X or 63X objective. At each time point, the total number of individual 
fluorescent cells or fusion foci was counted for the entire field (4 cm?). 

Stability of E proteins. Mouse 17Cl1 cells were infected with WT and triple- 
mutant stock viruses at an MOI of 0.01. At 23 h p.i., a set of dishes for each virus 
was lysed, representing time zero prior to drug treatment. Separate infected 
dishes were treated with 50 g/ml of cycloheximide (Sigma) to stop translation. 
Treatments of infected cells proceeded for 1, 3, and 5 h prior to harvesting. Cell 
lysates were analyzed by SDS-PAGE and Western blotting. Rabbit anti- MHV E 
(9410) was used to detect E proteins. Mouse anti-B-actin (Abcam) was used to 
detect actin as a loading control. Bands on X-ray film were quantified using 
Alpha Innotech software (San Leandro, CA). 

Alignment of coronavirus E genes. The E genes from different coronaviruses 
were used in an alignment to compare conservation of cysteine residues. MHV 
(AAF69347), bovine coronavirus (BCV) (AAA42914), OC43-CoV (AAT84364), 
SARS-CoV (AAP13443), TGEV (NP058426), feline infectious peritonitis virus 
(AAY32597), 229E-CoV (AAG48595), and IBV (AAY24436) amino acid se- 
quences were used in the alignment. 


RESULTS 


MBV E is palmitoylated and does not form disulfide-linked 
oligomers. When we initiated this study, we considered that the 
conserved cysteine residues in coronavirus E proteins might 
function as targets for palmitoylation and/or possibly partici- 
pate in the formation of disulfide linkages to form protein 
oligomers. To gain insight into this possibility, we used MHV 
A59 E protein as a model to study the significance of the 
conserved residues. Initially, infected cell lysates were analyzed 
by SDS-PAGE under reducing and nonreducing conditions. 
Under these conditions, no disulfide-linked oligomers were 
observed (Fig. 2A). It should be noted that the E protein 
migrates slower than expected for its predicted molecular mass 
of approximately 9.7 kDa, likely due to the highly hydrophobic 
nature of the protein. 

To determine whether the MHV E protein is palmitoy- 
lated, infected cells were labeled with [H]palmitic acid in 
parallel with [*°S]methionine-cysteine. Lysates from mock- 
treated and infected cells were immunoprecipitated for ei- 
ther the E or S proteins. The S protein served as a labeling 
control for palmitic acid, since it was recently shown to be 
palmitoylated (45). Both proteins were labeled with palmitic 
acid (Fig. 2B). This result confirms that MHV A59 E protein 
is palmitoylated, thus resolving previously conflicting re- 
ports on the protein (40, 57). 

Conserved cysteines are important for virus production. To 
study the significance and role of the conserved cysteines, site- 
directed mutagenesis was performed to systematically remove 
these residues from the protein. Alanine substitution was used 
to replace cysteines at positions 40, 44, and 47 singly and in 
various combinations (Fig. 1B). A total of seven mutant E 
genes with single, double or triple substitutions were shuttled 
into a full-length MHV AS59 infectious clone (56). Full-length 
RNAs were transcribed for each mutant or WT virus. Follow- 
ing electroporation into BHK-MHVR cells, centers of fusion 
were observed for all viruses. It was noted that the triple- 
cysteine mutant virus exhibited significantly fewer centers of 
fusion compared with those of the other viruses. Medium from 
electroporated cells was passaged in 17Cl1 mouse cells. RT- 
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FIG. 2. MHV E is not disulfide bond linked, but is palmitoylated. 
(A) Mock and MHV-AS9-infected cell lysates were analyzed by SDS- 
PAGE under either reducing or nonreducing conditions. The position 
of the E protein between the 10- and 15-kDa markers is indicated. 
(B) Radiolabeling of MHV-AS59-infected cells with [*H]palmitic acid 
and [*°S]methionine-cysteine. Lysates were immunoprecipitated (IP) 
with antibodies (Ab) against MHV E or S and analyzed on gradient 
gels. Proteins were detected by fluorography. Positions of the E and S$ 
proteins are indicated. 


PCR and sequence analysis confirmed the integrity of the in- 
troduced mutations and that no additional changes were 
present in either the E or M gene. 

All mutant viruses were plaque purified on mouse L2 cells, 
and multiple isolated plaques were passaged five times in 
17Cl1 cells. At passage 5, RT-PCR and sequence analysis of 
each mutant virus confirmed the genetic stability of the intro- 
duced mutations and showed that no additional changes were 
present in the remainder of the E gene or in the M gene, with 
one exception. One of the plaque purified viruses with the 
triple-cysteine substitution (triple virus number 5) had a codon 
change within E, where serine 55 was changed to phenylala- 
nine. Initial analysis of the virus revealed no growth advantage 
over the viruses that did not contain the additional change; 
thus, this virus was not studied further. 

After the fifth passage, viruses were analyzed for their 
plaque phenotype and growth characteristics. The single-mu- 
tant viruses C40A and C44A produced plaques very similar in 
size and shape to the WT virus, whereas the C47A virus yielded 
smaller plaques (Fig. 3A). Growth kinetic analysis was per- 


CORONAVIRUS ENVELOPE PROTEIN PALMITOYLATION — 3003 


: MOI 0.1 
— 7 
E, 
a5 
O 4 —e WT 
> Z —=—C40A 
a's —~1—CA4A 
1 —x— CATA 
0 1 1 
4 8 12 16 24 


Hours Post-Infection 


FIG. 3. Plaque morphologies and growth kinetics of single-substi- 
tution mutants. (A) Plaque sizes and morphologies of WT, C40A, 
C44A, and C47A substitution viruses were analyzed by a plaque assay 
of mouse L2 cells. (B) Mouse 17Cl1 cells were infected with WT and 
mutant viruses at an MOI of 0.1 PFU/cell. Plaque titrations from the 
indicated time points were carried out with mouse L2 cells. Error bars 
indicate deviations from the average results of two independent 
experiments. 


formed on mouse 17Cl1 cells for the single mutants at a MOI 
of 0.1 PFU/cell. All of the single-substitution mutants exhibited 
growth patterns very similar to that of the WT virus (Fig. 3B). 
The data indicate that the loss of single cysteines from the 
MHV AS9 E protein does not have a significant effect on virus 
growth. 

The viruses with replacement of cysteine pairs were also 
analyzed for their plaque sizes and growth characteristics (Fig. 
4). The C40,44A, C40,47A, and C44,47A viruses yielded titers 
about a log lower than that of the WT virus at 30 h p.i. (Fig. 
4C). The viruses also produced distinctly different plaque sizes, 
with the C40,44A mutant having a slightly smaller plaque phe- 
notype (Fig. 4A). The C40,47A and C44,47A viruses gave rise 
to even smaller plaques (Fig. 4A). The triple-mutant virus 
exhibited the most crippled phenotype of the series. The virus 
produced small plaques even at 4 days p.i. (Fig. 4B), with a titer 
that was approximately 2.0 logs lower than the WT virus at 30 h 
p.i. (Fig. 4C). 
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FIG. 4. Plaque morphologies and growth characteristics of double- 
and triple-substitution mutants. (A) Plaque sizes and morphologies of 
WT, C40,44A, C40,47A, and C44,47A double-substitution viruses were 
analyzed by a plaque assay on mouse L2 cells. (B) Separately, the 
plaque sizes and morphologies of WT and the triple-substitution mu- 
tant virus were analyzed by plaque assay. (C) Mouse 17Cl1 cells were 
infected with WT and mutant viruses at an MOI of 0.01 PFU/cell. At 
10, 20, and 30 h p.i., media were removed from cells and used to infect 
mouse L2 cells for plaque assay. Error bars represent the deviations 
from the average of two separate experiments. 


Altogether, the initial characterization of the cysteine mu- 
tant viruses pointed to the importance of having at least one 
cysteine residue present on the carboxy side of the hydropho- 
bic domain of the E protein. The removal of all three con- 
served cysteines significantly cripples the virus, suggesting that 
at least one cysteine is necessary for the E protein to efficiently 
carry out its functional role(s). 
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FIG. 5. Effect of cysteine substitutions on VLP production. 
BHK-21 cells were transfected with pCAGGS plasmids containing the 
WT, double-substitution mutants, and triple-mutant E genes singly and 
in combination with the WT M gene. Proteins from control cells 
transfected with empty vector were analyzed in lane 1 of each panel. A 
lysate from infected mouse 17Cl1 cells was used as a blotting control. 
Intracellular lysates (A) and pelleted extracellular VLPs (B) were run 
on a5 to 20% gradient SDS-PAGE gel, where half of the pelleted VLP 
fractions and 8% of the total intracellular fractions were analyzed. 
Western blotting was performed by probing for M and E using anti- 
bodies specific for each protein. 


Envelope formation is impaired in mutant E proteins. To 
begin gaining insight into the functional role of the conserved 
cysteine residues, several parameters were analyzed. First, the 
ability of mutant E proteins to function in the formation of the 
viral envelope was assessed. A number of previous studies have 
clearly demonstrated that coronavirus VLPs form when the E 
and M proteins are coexpressed, but not when M is expressed 
alone (3, 5, 50). The double- or triple-mutant E genes and WT 
M genes were expressed together under the control of the 
chicken beta actin promoter in the pCAGGS vector (33) in 
BHK-21 cells. Both intracellular and extracellular fractions 
were assayed for the release of VLPs. All mutant E proteins 
promoted release of VLPs into the medium as indicated by the 
presence of the M protein in the extracellular medium (Fig. 
5B). However, the yield of extracellular VLPs was reduced 
with the mutant E proteins, even though the amounts of in- 
tracellular E protein were comparable. The amount of VLPs 
released into the medium was less with expression of the triple 
mutant than with expression of the double mutants. The triple 
mutant appeared to be the least efficient in promoting the 
formation of VLPs since the level of M in the medium was only 
slightly above the background level (Fig. 4B, top panel). Ex- 
tracellular E was also detected, as previously reported (5, 30), 
even though this result was not observed in all cases when the 
E proteins were expressed alone (Fig. 4B, lower panel). What 
accounts for this variability is not understood. Overall, the 
results clearly demonstrate that all of the mutants can support 
VLP assembly. However, results with the triple mutant suggest 
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FIG. 6. Colocalization of E and M proteins in infected cells. Mouse 17Cl1 cells were infected with WT, double-, and triple-substitution mutant 
viruses at an MOI of 0.1 PFU/cell. Cells were fixed in 100% methanol at 6 h p.i. and analyzed by immunofluorescence using mouse and rabbit 
antibodies against the M and E proteins, respectively. Alexa Fluor 488- and Alexa Fluor 594-conjugated donkey secondary antibodies were used 
to visualize the localized proteins by confocal microscopy. The colocalization of M and E proteins is shown as yellow in the merged images. 


that efficiency of envelope formation and/or release is depen- 
dent, at least in part, on the presence of at least one cysteine 
residue in the E protein. 

Mutant E proteins correctly colocalize with M during infec- 
tion. Palmitoylation has been shown to play a role in protein 
sorting and proper trafficking of viral proteins to either the 
plasma membrane or the Golgi (25, 34, 41, 59). We therefore 
tested the ability of mutant E proteins to properly traffic within 
virus-infected cells. We previously determined that during in- 
fection, the E protein colocalizes with M in the ERGIC/Golgi 
region (Lopez and Hogue, unpublished data), the site of coro- 
navirus assembly (22, 46). To determine whether the mutant E 
proteins localize correctly, virus-infected cells were analyzed by 
confocal microscopy. All of the mutant E proteins colocalized 
with the M protein in the ERGIC/Golgi in virus-infected cells 
similar to the WT protein (Fig. 6). These results indicate that 
replacement of the cysteine residues and, more specifically, a 
total lack of cysteines and palmitoylation, in the case of the 
triple-mutant virus, do not affect the ability of the E protein to 
traffic to the site of assembly with the M protein. 

Lack of E protein palmitoylation does not significantly affect 
virus release. To test whether the lack of palmitoylation on the 
E protein affects virus release, the amounts of intracellular and 
extracellular virus were measured for each mutant virus and 
compared with the WT virus output. Mouse 17CI1 cells were 
infected at an MOI of 0.01 PFU/cell, and at 10, 20, and 30 h 
p.1., media were removed and both the intracellular and extra- 
cellular fractions were analyzed by a plaque assay with mouse 
L2 cells as described previously (55). The amount of virus 
released into the media ranged from approximately 75% for 
the C40,47A and triple-mutant viruses to about 90% for the 
WT virus (Fig. 7). Across the time course, 10 to 20% less virus 
was released from cells infected with the double- or triple- 
mutant viruses compared with the WT virus. The data suggest 
that palmitoylation of the E protein does not dramatically 


affect release of the virus from cells, even though it appears to 
contribute to efficient release. 

Palmitoylation is not responsible for virus entry. While our 
data supported the involvement of palmitoylation in the pro- 
duction of coronaviruses, we could not rule out the possibility 
that entry might be affected by the lack of modification of the 
E protein. To test the ability of the triple-mutant virus to 
efficiently enter cells, an immunofluorescence approach was 
used. Mouse 17Cl1 cells were infected with WT or the triple- 
mutant virus at an MOI of 0.001 PFU/cell. At 6 and 12 h pie, 
cells were fixed and indirect immunofluorescence was used to 
probe for the nucleocapsid protein (Fig. 8). At 6 h p.i., essen- 
tially equal numbers of singly infected cells were observed for 
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FIG. 7. Virus release from WT and substitution mutant viruses. 
Mouse 17Cl1 cells were infected with WT or mutant viruses at an MOI 
0.01 PFU/cell. At 10, 20, and 30 h pi. titers of intracellular and 
extracellular virus for all mutants were determined by the plaque assay. 
The percentage of virus released was calculated by dividing the extra- 
cellular virus by the total (intracellular plus extracellular) virus. Extra- 
cellular titers are from the experiment described in Fig. 4C. Error bars 
represent the deviations from the averages of two independent mea- 
surements. 
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FIG. 8. Analysis of virus entry. Mouse 17Cl1 cells were infected with 
WT and the triple-mutant virus at an MOI of 0.001 PFU/cell. At either 6 
or 12h p.i, cells were fixed in 100% methanol and immunofluorescence 
was carried out using a rabbit polyclonal antibody against the MHV N 
protein. An Alexa Fluor 488-conjugated donkey secondary antibody was 
used to visualize the cells by confocal microscopy. (A) For cells fixed at 6 h 
p.i., the number of individual fluorescing cells (IF) was counted per square 
(4 cm? area). For cells fixed at 12 h p.i., the individual fusion foci were 
counted per square. Each separate multinucleated foci was counted as 
one. Two squares were counted for each virus, and the average is shown. 
Error bars represent the deviation of the two measurements. (B) Magni- 
fications of X20 and x63 of infected cells are shown on the left and right, 
respectively. At 6 h p.i., only single cells were infected, but by 12 h, 
infection had spread to form large fusion foci. 
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FIG. 9. Stability of nonpalmitoylated E protein. (A) 17Cl1 mouse 
cells were infected with WT and triple-mutant viruses at an MOI of 
0.01. At 23 h p.i., cells were treated with 50 g/ml of the translation 
inhibitor cycloheximide (CHX). At 1, 3, and 5 h of treatment, cells 
were harvested. Lysates were run on SDS-PAGE gels and probed for 
both MHV E and actin. Due to differences in virus production between 
these two viruses, only 5% of total lysate was run for WT, while 16% 
of lysate was run for the triple mutant. Mock (M)-infected cells were 
not treated with drug. (B) E protein band intensities were quantified. 
The means and standard deviations (error bars) of four independent 
measurements for the WT (open circles) and triple-mutant (filled 
circles) viruses are shown. The data were fit with exponentials con- 
strained to | relative unit at time zero when cycloheximide was added. 


both the WT and triple-mutant viruses, suggesting that infec- 
tivity and entry of the mutant virus are as efficient as those of 
the WT virus (Fig. 8A). At 12 h p.i., the number of centers of 
fusion in the WT virus-infected cells had increased significantly 
compared to that in the triple-mutant cells (Fig. 8A). There 
were at least 50% more WT than mutant virus centers of 
fusion. While this result does not provide insight regarding 
entry because of virus spread by this later time point, the data 
strongly supports our other results, demonstrating that the 
triple-mutant virus is crippled in virus production. 
Palmitoylation provides stability for E proteins. Palmitoyl- 
ation has been shown to increase stability of proteins (36, 47). 
To determine whether this is the case for the E protein, sta- 
bilities of both the WT and the triple mutant were determined 
by treating infected cells with the translation inhibitor cyclo- 
heximide at 23 h p.i. The amount of E protein in infected cells 
after 1, 3, and 5 h of treatment with cycloheximide was analyzed 
by SDS-PAGE and Western blotting and quantification of the 
protein over the time course (Fig. 9). Interestingly, a continual 
decrease in the amount of protein was observed for both WT and 
the triple mutant, as indicated by the rates of degradation (Fig. 9). 
However, without palmitoylation, the triple-mutant protein was 
degraded 2.5 times faster than the WT E protein. The results 
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indicate that the addition of palmitic acid is important to prevent 
more rapid turnover of the protein. 


DISCUSSION 


The role of coronavirus E proteins in virus biogenesis is of 
significant interest. The protein is a minor component of viri- 
ons, but it is very clear that the small protein is important for 
efficient virus production. Deletion of the E gene from the 
genome of several coronaviruses is either lethal or results in 
severely crippled virus (7, 8, 24, 38). A recent study with TGEV 
showed that virus release is reduced when the E gene is not 
expressed (37). Alteration of charged residues in the carboxy 
end of MHV E protein results in thermolabile viruses with 
distorted morphologies (11). A recent report from our lab 
showed that the MHV E hydrophobic domain and, more spe- 
cifically, positioning of residues within the predicted trans- 
membrane domain are important for virus production (55). 
The transmembrane domain of IBV has also been shown to be 
important for efficient virus release (28). Thus, at least two 
regions of the protein, the hydrophobic and charged carboxy 
domains, are important for virus assembly and release. In the 
study reported here, we have extended insight into the signif- 
icance of the E protein through our analysis of highly con- 
served cysteine residues that are located on the carboxy side of 
the long hydrophobic domain in all coronavirus E proteins. 

One important result from our study is the direct demon- 
stration that the MHV E protein is palmitoylated. This result 
is significant since an earlier study showed that MHV E exhib- 
its faster mobility when analyzed by SDS-PAGE following hy- 
droxylamine treatment which cleaves cysteine-palmitoyl thio- 
ester linkages on proteins (57). This finding strongly suggested 
that the protein is modified by the addition of palmitic acid on 
cysteine residues. However, another study was unable to con- 
firm the results through either thioester bond cleavage or 
palmitic acid labeling (40). Our direct confirmation that indeed 
the protein is palmitoylated is consistent with a recent demon- 
stration that both IBV and SARS-CoV E proteins are modified 
by palmitic acid addition (6, 27). Thus, palmitoylation is likely 
common to all coronavirus E proteins. Our results appear to 
also exclude the possibility that the protein forms oligomers 
through disulfide linkage, since we were unable to detect any 
slower-migrating species when electrophoresis was performed 
under nonreducing conditions. 

Our results clearly demonstrate that the cysteine residues on 
the carboxy side of the MHV hydrophobic domain and, pre- 
sumably, their palmitoylation are important for virus produc- 
tion. Replacement of each residue individually gave rise to 
viruses with phenotypes essentially identical to the WT paren- 
tal virus. The mutant viruses with double substitutions exhib- 
ited intermediate phenotypes with slightly smaller plaques and 
virus titer yields that were at least a log lower than those of the 
wild-type. The most dramatic effect on the virus was seen when 
all three cysteine residues were replaced. The triple-substitu- 
tion virus exhibited a significantly crippled phenotype with 
decreased growth properties based on smaller plaques and 
maximum virus yields that were at least 2 logs lower than those 
of the WT virus. Our results suggest that the loss of more than 
one cysteine affects the formation of the viral envelope, since 
VLP production was reduced when all three cysteines were 
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removed from the E protein. The presence of at least one 
cysteine appeared to increase the amount of extracellular 
VLPs in the case of the mutants lacking two of the three 
cysteines. The impairment of envelope formation could ac- 
count for the decreased virus yields that we observed with both 
the double- and triple-substitution viruses. Palmitoylation of 
other viral proteins has been shown to affect virus assembly. 
The removal of cysteines from alphavirus 6K protein resulted 
in slower virus release from cells and viruses with aberrant 
morphology, suggesting that palmitoylation is important for 
virus assembly and budding (13). Palmitoylation of HIV-1 gp41 
is required to target the protein to lipid rafts to allow the 
assembly and budding of virions (1). 

How might palmitoylation of the MHV E protein affect virus 
production? Palmitoylation can occur at different organelles 
along the secretory pathway (32, 48), and the modification is 
known to affect protein trafficking in some cases (16, 41, 42). 
The addition of palmitic acid is important for correct localiza- 
tion of some viral proteins (1, 34, 36). Our results indicate that 
this is not the case for MHV E since the triple-cysteine mutant 
protein localizes correctly with the M protein in the ERGIC/ 
Golgi region in infected cells. Further studies are needed to 
show whether E is palmitoylated when expressed alone, out- 
side the context of infected cells, and to determine whether 
trafficking is linked with the modification of the protein. 

Our results indicate that MHV entry is not affected when the 
E protein is not palmitoylated. An equivalent number of in- 
fected cells were detected when the triple-mutant and WT 
viruses were compared at an early time following infection. 
Thus, decreased infectivity does not account for the observed 
decreased virus production. 

Palmitoylation has been shown to increase protein stability. 
For Rous sarcoma virus, the removal of palmitoylated cys- 
teines resulted in increased degradation of the envelope pro- 
tein (36). The yeast protein Tlg1 is protected from ubiquitina- 
tion by palmitoylation (47). We observed that MHV E protein 
stability is decreased in the triple-mutant virus-infected cells. 
The unpalmitoylated E protein decayed with a half-life of ~1.7 
h, whereas the WT protein’s half-life was ~4.3 h in infected 
17Cl1 cells. While these results support the conclusion that the 
addition of palmitic acid to MHV E contributes to its stability, 
we can only speculate at this time on the significance of this 
during virus assembly. It is possible that decreased virus yield 
from the triple-mutant virus is a secondary effect of the in- 
creased turnover of the E protein. 

It is possible that palmitoylation impacts how the E protein 
associates with the membrane. The addition of palmitic acid 
adjacent to the hydrophobic domain should increase the affin- 
ity of the region for the membrane (Fig. 10). This interaction 
may stabilize or alter association of the protein with the mem- 
brane. While such alterations might contribute to routing of 
the protein to a degradation pathway, it is equally possible that 
protein-protein interactions, either between E molecules or 
between E and another protein (viral or cellular) during as- 
sembly and/or possibly oligomerization, are disrupted. Such 
interactions might not be possible without palmitoylation (Fig. 
10A). 

Two membrane topologies have been predicted for corona- 
virus E protein (for a review, see reference 18). IBV E protein 
appears to have a single transmembrane domain with a cyto- 
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FIG. 10. Effect of palmitoylation on MHV E. (A) Model of how the 
triple-substitution mutant E protein might be orientating within the 
membrane. Removing conserved cysteine residues near the transmem- 
brane domain may alter the positioning of the E carboxy tail relative to 
the membrane which may not allow the protein to interact with itself, 
with another viral protein such as M, or with cellular factors that are 
required for the function of the protein. (B) Possible ways palmitoyl- 
ation might be assisting in the positioning of E to allow it to function 
properly (1). If the E protein forms a hairpin conformation within the 
membrane, palmitoylation may help anchor the protein in this position 
(2). The hydrophobic domain of MHV E is slightly larger than what is 
needed to form a single-span alpha helix. The mismatch in length 
between the E hydrophobic domain and the lipid bilayer may be 
relieved by positioning palmitoylated cysteine residues adjacent to the 
transmembrane domain. Palmitoylation may help influence the protein 
to move laterally within the membrane to regions where the lipid 
bilayer is thicker (3). Palmitoylation may act to anchor the E protein 
firmly in the membrane and to generate a tilt in the a-helix that may 
be optimal for proper protein function. In each of these examples, 
palmitoylation would aid in bringing the cytoplasmic tail closer to the 


membrane, making the tail more readily accessible for additional in- 
teractions. 


plasmic (inside the virion) tail (5). A “hairpin” conformation 
has also been predicted for MHV and SARS E proteins (31, 
58). Palmitoylation is a dynamic posttranslational modification 
(2). Thus, the extent to which the E protein is palmitoylated 
may determine how the protein is positioned in the membrane, 
allowing both orientations to exist (Fig. LOB, panels 1 and 2). 
The long hydrophobic domain of the protein makes the “hair- 
pin” orientation a feasible possibility. Lateral movement of the 
E protein to thicker membrane regions able to support the 
long domain is another possibility (Fig. 10B, panel 2). 

Our lab previously demonstrated the importance of the 
MHV E transmembrane a-helix. Maintenance of the correct 
pitch of the helix is important for virus production (55). Pal- 
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mitoylation could help tilt the helix within the membrane to 
relieve possible hydrophobic mismatch between E and the lipid 
bilayer within the ERGIC/Golgi (Fig. 10B3) (20). Tilting of the 
a-helix is one way a protein can adjust the length of its trans- 
membrane domain to match the hydrophobic thickness of the 
lipid bilayer (9, 35). Palmitoylation of a cysteine residue(s) on 
E might also alter the positioning of the a-helix, thus allowing 
the protein to achieve a conformation required for further 
interaction either with itself or another protein. 

It is possible that palmitoylation helps segregate or cluster E 
into particular lipid microdomains that are important for virus 
assembly or vesicle formation for transport of assembled viri- 
ons out of the cell from the point of assembly. Palmitoylated 
proteins have an affinity for cholesterol-rich domains (41). 
Several viruses use palmitoylation to specifically target their 
envelope proteins to lipid rafts, where they can drive the as- 
sembly and budding of virions (1, 25, 59). The role of E in 
release of virions from cells is not understood. The functional 
impact of removal of the cysteine residues on the modest 
decrease (approximately 10 to 20%) that we observed in virus 
release for our double- and triple-mutant viruses remains to be 
determined since our results suggest that there is some contri- 
bution to efficient release. 

Palmitoylation is one of the most common posttranslation 
modifications that often plays roles in membrane-protein in- 
teractions and protein sorting (16, 41, 42). There is no clear 
consensus sequence for this modification; however, palmitoy- 
lated cysteines are often found with or in close proximity to 
transmembrane domains (17, 39, 44, 49, 54). Placement of the 
conserved cysteines in coronavirus E proteins is consistent with 
this finding (Fig. 1). It should be noted that while positioning 
of cysteines relative to the hydrophobic domain is conserved 
among all coronavirus E proteins the actual number of resi- 
dues is not absolutely fixed (Fig. 1A). IBV E has only two 
cysteines, whereas the other sequences examined bear three 
residues. A recent study by Kuo et al. reported successful 
replacement of MHV A59 E with the counterparts from coro- 
navirus groups 2 and 3 (23). This result indicates that a specific 
number of cysteines are not required. Our data further support 
the contention that the actual number of cysteine residues may 
not be critical as long as at least one palmitoylated residue is 
present. Exactly which residues are palmitoylated at any given 
time remains to be determined. It is possible that multiple 
residues represent evolutionary redundancy to assure that at 
least one is modified. It should also be noted that group 1 
HCoV 229E and group 2 MHV, BCV, and HCoV OC43 each 
have an additional cysteine located within the hydrophobic 
domain. Our preliminary analysis of a mutant virus suggests 
that the hydrophobic domain cysteine in MHV E can be re- 
placed with alanine without significant effect on the virus (L. A. 
Lopez and B. G. Hogue, unpublished data). 

Coronavirus E proteins have recently been added to a grow- 
ing list of viral proteins called viroporins (26, 29, 52, 53). 
Viroporins are small highly hydrophobic proteins that assem- 
ble into oligomers which form hydrophilic pores or ion chan- 
nels. The proteins play roles in promoting the release of virus 
particles, but they also exhibit effects on the cellular vesicular 
system, glycoprotein transport, and membrane permeability 
(15). The role(s) of viroporin activity in coronavirus-infected 
cells is not known. We recently showed that disruption of the 
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putative transmembrane domain of MHV E is important for 
ion channel activity (55). A very well-characterized viroporin, 
the influenza virus A M2 protein, is also posttranslationally 
modified by palmitoylation. Mutagenesis of the palmitoylated 
cysteine on the M2 protein appears to have no significant 
impact on the ion channel activity of the protein (19). Another 
recognized viroporin, the nonstructural protein from reovirus 
called p10, is also palmitoylated on two cysteines flanking the 
transmembrane domain of the protein (43). These cysteines 
were shown to be essential for p10-induced membrane fusion. 
While the mutant proteins were not evaluated for their ion 
channel function, the authors suggested that palmitoylated cys- 
teines in p10 may influence the proposed viroporin activity of 
the protein via interactions with membranes. Palmitoylation of 
the alphavirus 6K viroporin protein is important for virus as- 
sembly and release, as summarized above (13). Preliminary 
analysis of our triple-cysteine mutant virus in the presence of 
the sodium ion channel inhibitor hexamethylene amiloride 
suggests that the channel activity is decreased. Since hexam- 
ethylene amiloride inhibition is an indirect measure of ion 
channel activity, it will be important to analyze our mutant E 
proteins, especially the triple mutant, for ion channel activity in 
future studies. 

The data presented here reveal that the conserved cysteines 
adjacent to the hydrophobic domain of the MHV E protein 
play an important role in virus production. Palmitoylation of 
the protein clearly enhances its stability. Future studies will 
focus on the impact of decreased protein stability on virus 
production and on understanding whether palmitoylation plays 
a role in helping to determine the orientation and positioning 
of the E protein in membranes, since this is likely a key com- 
ponent in helping to drive the assembly and release of virions. 
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